The putative 38 kDa movement protein (P38) gene, located on the RNA2 of grapevine fanleaf nepovirus (GFLV), was cloned in Escherichia coli and expressed as a fusion protein fused to six histidines (6HisP38). This protein was purified and used to produce a specific polyclonal antiserum from which immunoglobulins were isolated by immunoaffinity against the recombinant 6HisP38. Western immunoblot analyses on GFLV RNA2 in vitro maturation products showed that the antibodies were specific for P38 protein. This protein was detected as early as 18 h post-inoculation in GFLVinfected Chenopodium quinoa protoplasts and accumulated to very high levels. Tissue-prints and time course experiments on infected C. quinoa plants confirmed that P38 is present at a high level late in infection and is a final maturation product of the GFLV RNA2 polyprotein in vivo. P94 and P66 intermediates of maturation and polyprotein P2 were also detected in vivo but in very low concentrations. No significant difference was observed in the relative amounts of P66 and P94 detected in vivo, contrary to what occurs in vitro. Subcellular fractionation studies showed that P38, although mainly cytosolic, is also found in association with cell wall and membranes. Thought to be the GFLV movement protein, P38 would thus behave in an 'atypical' manner.
Introduction
Grapevine fanleaf virus (GFLV) belongs to the genus Nepovirus in the family Comoviridae (Ward, 1993) . Its genetic information is divided over two plus-stranded RNA molecules: RNA1 (7342 nt) (Ritzenthaler et al., 1991) encodes a 253 kDa polyprotein (P1) and RNA2 (3774nt) (Serghini et al., 1990 ) encodes a 122kDa polyprotein (P2). In vitro both polyproteins are proteolytically processed by the RNAl-encoded 24 kDa chymotrypsin-like cysteine proteinase (Margis & Pinck, 1992; Margis et al., 1991) . Polyprotein P1 is cleaved at various sites: Cys415/Ala 416 (Margis et al., 1994) , Cys1217/Ser 121s, Gly124X/Glu ~242 , and Arg1461/Gly 1402 (Ritzenthaler et al., 1991) to release, from the N terminus to the C terminus, a 46 kDa protein, an 88 kDa putative helicase, the VPg, the 24 kDa proteinase and a 94 kDa putative viral RNA polymerase. Upon in vitro translation, polyprotein P2 is converted into three final products: a 28 kDa N-terminal protein (P28), a 38 kDa protein (P38) and the C-terminal 56 kDa coat protein (CP) (Fig. 1 a) . The cleavages occur at the Cys257/Ala 258 and Arg6°5/Gly 6°6 sites between P28/P38 and P38/CP respectively Serghini et al., 1990 ).
* Author for correspondence. Fax + 33 88 61 44 42. e-mail Pinck@Medoc.U-Strasbg.Fr Biologically active full-length transcripts of RNA2 (clone pACN) and RNAI (clone pMV) have been obtained (Viry et al., 1993) which allowed us to demonstrate that GFLV RNA1 can autoreplicate in protoplasts and thus encodes the viral replication functions. In contrast RNA2, which requires for its replication the functions encoded by RNA1, is needed for virus spread in plants and thus encodes functions necessary for viral movement (Viry et al., 1993) . By analogy with related comoviruses, it has been proposed that the protein adjacent to the capsid protein controls virus cell-to-cell movement in nepoviruses (Goldbach et aL, 1990) . Moreover, significant similarities among putative movement domains within the region immediately upstream of the coat protein of six nepoviruses have been described (Mushegian, 1994) . In cowpea mosaic comovirus (CPMV), the corresponding domain (48 kDa protein) has been shown to be essential for cell-to-cell movement via the formation of tubular structures in vivo (Kasteel et al., 1993; van Lent et al., 1991 ; Wellink et al., 1993) . More recently, similar structures have been observed in plants infected with tomato ringspot nepovirus (TomRSV) (Wieczorek & Sanfagon, 1993) and in protoplasts infected with cauliflower mosaic virus (CaMV) (Perbal et al., 1993) . Antibodies raised against a TomRSV-encoded peptide mapping adjacent to the coat protein cistron and CaMV P1 protein revealed tubular structures containing virus-like particles (Perbal et al., 1993; Wieczorek & Sanfaqon, 1993) .
In order to investigate the properties and the possible involvement of P38 protein in virus movement, this protein was expressed as a fusion protein fused to six histidines (6HisP38) in the E. coli pQE system (QIAexpress, Diagen) to enable its purification, the production of a specific polyclonal antiserum and the purification of anti-6HisP38 immunoglobulins by immunoaffinity. Using these purified immunoglobulins, the synthesis of P38 protein was investigated in vitro and in vivo in infected Chenopodium quinoa protoplasts and plants. The intracellular location of P38 protein was also investigated by subcellular fractionation and its possible involvement in viral functions will be discussed.
Methods
Inoculation of C. quinoa plants. Chenopodium quinoa was used for virus multiplication, protoplast isolation, tissue-prints and subcellular fractionation. Inoculation was carried out with crude extract from infected C. quinoa leaves ground in 50 raM-phosphate buffer pH 7.0, with 10 Ixg of viral RNA or with purified transcripts (Viry et al., 1993) , on young C. quinoa with four expanded leaves.
Cloning of a recombinant 6HisP38 protein.
Plasmid pACN, the infectious cDNA clone of GFLV RNA2 (Viry et al., 1993) , was used as template for polymerase chain reaction (PCR) mutagenesis of protein P38. PCR was performed as described previously using two synthetic oligonucleotides, P5546 (5' GATATC-GGATCCCATCACCATCACCATCACATCGAGGGTAGAGCGG-ATGGGAAGACTAC 3") and P4181 . Six histidine codons (underlined), the factor Xa recognition sequence (codons in italics corresponding to Ile-Glu-Gly-Arg), (Nagai & Thogersen, 1984) and a BamHI cloning site (in bold) were introduced in P5546. The PCR product was digested by BamHI and HindIII and ligated to BamHI-HindIII-cut plasmid pQE-16 as described in Fig. 1 (b) . After transformation of E. coli M15 harbouring the pREP4 repressor plasmid, recombinant bacteria were selected on LB-medium containing 100 ~tg/ml ampicillin and 25 ktg/ml kanamycin and analysed by restriction mapping of purified plasmid DNA obtained from 'minipreparations' (Serghini et ak, 1989) . Bacteria from positive clones were induced for 2 h with 2 mM-IPTG, and total proteins were collected and separated by SDS-PAGE (Laemmli, 1970) .
Purification of the 6HisP38 protein.
For preparative purification of the recombinant 6HisP38 protein, E. coli triplicate 400 ml cultures were grown to an ODs00 of 0.74)-9 and induced for 4 h with 2 mM-1PTG. After centrifugation at 4000 g for 10 min the pellet was resuspended in 30 ml 50 mM-NaH2PO 4 pH 8, 300 mM-NaC1 supplemented with 1 mg/ml lysozyme and 1 mM-PMSF followed by three cycles of freezing/defreezing (liquid nitrogen/20 °C water bath) and 5 min sonication at 4 °C. The insoluble matter was collected by 20 min centrifugation at 10000 g and the pellet resuspended for 1 h in 5 ml 6 Mguanidine hydrochloride, 0'1 M-NaH2PO4, 0"01 M-Tris-HC1 pH 8. The sample was then loaded with a flow rate of 1 ml/min onto a 5 ml equilibrated Ni~+-NTA column connected to an automated Econosystem (Bio-Rad). The recombinant 6HisP38 protein was eluted by a step pH-gradient of 8 M-urea, 0-1 M-NaH2PO4, 0-01 M-Tris-HCI pH 8-pH 4-5 according to the manufacturer's protocol. The elution was monitored at A280 and 1.5 ml fractions were collected. After SDS-PAGE analysis, the fractions containing the purified 6HisP38 recombinant protein were pooled and concentrated by centrifugation onto a Centricon 30 membrane (Amicon). The concentrated solution was finally equilibrated with three washes of 2 ml deionized 6 M-urea and 30 pg aliquots were fractionated by 10 % SDS-PAGE.
Production and immunoaJfinity purification of the anti-6HisP38 protein antibodies. Gel slices of purified recombinant 6HisP38 protein separated on 10 % SDS-PAGE as described above were isolated after Coomassie blue staining; they were ground up, briefly sonicated in 500 ~tl PBS buffer (16 mM-Na2HPO 4, 4 mM-NaH~PO 4, 150 mM-NaC1 pH 7.4) and 500 ~tl Freund's adjuvant (Sigma) and used to immunize 2-month-old rabbits by subcutaneous injections at multiple sites. The rabbits were boosted every 2 weeks with 30 ktg of protein from gel slices emulsified in PBS and incomplete Freund's adjuvant (Sigma) by intramuscular injection. Antiserum was drawn and processed as described previously . Anti-6HisP38 protein antibodies were purified from serum by affinity chromatography on purified 6HisP38 recombinant protein linked to CNBr-Sepharose (CNBr-Sepharose-6B; Pharmacia). Purification procedure was performed mainly according to the manufacturer's protocol. Briefly, for coupling, 2 ml (0-76 g) of resin pre-swollen in 1 mM-HC1 for 15 min was mixed with 2 ml (about 10 mg) of purified recombinant P38 protein in 6 M-urea, 1"2 ml 5 MNaC1, 300 ~1 1 M-HEPES pH 8 and 2.5 ml of water and incubated for 2 h at room temperature with gentle agitation. Unreacted groups on the resin were blocked by a 2 h incubation with 0.1 m-Tris-HC1 pH 8-8 at 20 °C. The resin was washed three times with 15 ml 8 M-urea, 0"1 M-NaH~PO,, 0-01 i-Tris-HCl pH 8 and pH 4.5 successively. After equilibration with 50 ml PBS, 12 ml of anti-6HisP38 protein antiserum was added to the resin, and coupling performed for 15 h at 4 °C under gentle agitation. The slurry was poured into a 1 cm diameter column and the flow rate adjusted to 4 ml/min. Elution was monitored at A280 and 0-8 ml fractions collected. The resin was sequentially washed with 50 ml PBS, 50 ml PBS-Tween-20 (0'5 %), 50 ml PBS. The anti-6HisP38 protein antibodies were eluted in 0.1 i-glycine buffer pH 2.5 and immediately neutralized in 200 ~tl 1 i-Tris-HC1 pH 8"8. The fractions containing the antibodies were pooled, concentrated with a Centricon 100 membrane (Amicon), adjusted to 0.5 ~tg/~l (estimated by A~80) in PBS and finally mixed with 1 vol. of 100% glycerol and stored at -20 °C.
In vitro transcription, translation and maturation. Uncapped transcripts were synthesized from clones p38 and pACN. Translocations and maturations were performed in a rabbit reticnlocyte system as described by . Briefly, 0.25-1 ~tg/~tl of transcripts were translated in micrococcal nucleasetreated rabbit reticulocyte lysate system (NT-RRLS) from Promega. Translation was performed with an incubation mixture composed of 3" 5 ~tl of NT-RRLS, 0" 1 ~tl of a 1 mM-amino acid mix (methionine free, Promega) and 0.4 ~tl of [35S]methionine (15 ~tCi/lll, 1000 Ci/mmol; Amersham). The translation mixture (4 ~tl) was mixed with 0"5-1.0 Id of transcripts and the final volume adjusted to 5 ~l with sterile water. Translations were performed at 30 °C for 1 h. Substrates for proteolytic processing obtained after 45 min translation of the transcript in NT-RRLS were then incubated from 15-240 min at 30 °C with an equal volume (5 ~tl) of proteinase samples. Maturation kinetics were determined in an 80 pl final volume translation reaction mixture. At different times, l0 ~tl were taken and mixed with l0 ~l of loading buffer. Samples were analysed on 10% polyacrylamide-SDS gels (Laemmli, 1970) , transferred to Immobilon P membrane (Millipore) and exposed for autoradiography or processed for Western blotting. Western blots were incubated with purified anti-6HisP38 antibodies and anti-rabbit donkey immunoglobulin G-horseradish peroxidase conjugate. The ECL chemiluminescence system (Amersham) was used for detection, and the resulting light recorded on RX film (Fuji) by exposure for from 30supto lh.
Protoptast transfection and protein extraction. Approximately 2 x 105
C. quinoa protoplasts prepared according to Hans et aL (1992) were transfected with 2 ~tg of total GFLV RNA by electroporation (Viry et al., 1993) . At different times post-transfection, protoplasts were harvested, centrifuged at 800 g, and the pellet resuspended in I00 Izl of water and 100 lal of electrophoresis loading buffer (10 % SDS, 25 % flmercaptoethanol, 160mM-Tris-HC1 pH6.8). Total proteins from 2 x 104 protoplasts were used for Western blotting.
Blotting of leaf proteins. The blotting method used was adapted from the method of Cassab & Varner (1987) . C. quinoa leaves were harvested and stored at -70 °C in an autoradiography cassette for the duration of the kinetics experiment. Before transfer to Immobilon membranes, the frozen leaves were briefly immersed in liquid nitrogen and put on three layers of 3 MM Whatman paper pre-wetted with 25 mi-Tris-HC1 pH 8.3, 192 mM-glycine, 10 % methanol. The thawed leaves were then covered with the membrane and three layers of 3 MM Whatman paper and finally sandwiched between Scotch Brite. To remove air bubbles, the sandwich was placed under vacuum in a gel dryer for 5 min. The electro-transfer was performed for 1 h at 3 mA/cm 2 of membrane in a transblot apparatus (Bio-Rad).
Subcellularfractionation. Systemically infected leaves [21 days postinoculation (days p.i.)] showing symptoms on the whole surface were fractionated by differential centrifugation according to Berna et al. (1991) . Briefly, 4 g of tissue were ground to a fine powder on dry ice and resuspended in 4 ml GB buffer (100 mM-Tris-HC1 pH 7.5, 5 mMMgC12, 10 mM-KCI, 10% glycerol, 0.4 M-sucrose, 10 mM-fl-mercaptoethanol). Debris and intact cells were removed by filtration through a 80 mesh nylon screen. This fraction was washed three times with GB containing 1% Triton X-100 to remove cytoplasmic contaminants (T) from the cell wall fraction (CW) that remains on the filter. The filtrate was centrifuged for 10 min at 1000 g to obtain a Pe-1 fraction enriched in plastids and nuclei. The supernatant from the first centrifugation was centrifuged for 30min at 30000g at 4 °C to separate the cytosolic fraction (S-30 supernatant) from the crude membrane fraction (Pe-30 pellet). All fractions were finally adjusted to the same volume prior to preparation for SDS-PAGE. A 10 Ixl volume (the equivalent of 4 mg of fresh weight tissue) of each fraction was applied onto a 10% polyacrylamide-SDS gel.
Results and Discussion

Obtaining the recombinant 6HisP38 protein, antiserum production and immunoaffinity purification of anti6HisP38 immunoglobulins
Prior to the experiments described in this paper, three virus-specific proteins had been identified in GFLVinfected tissues: the 56 kDa capsid protein and the satellite-encoded P39 protein (Moser et al., 1992) , and the VPg linked to the viral RNAs .
In order to detect other RNA2-encoded proteins we planned to produce an antiserum specific to P38 protein. To achieve large scale production and easy purification the P38 protein was expressed in E. coli as a fusion protein fused to six histidines and the Xa cleavage sequence Ile-Glu-Gly-Arg (Nagai & Thogersen, 1984) . The 6-His tag enables binding to an affinity matrix containing immobilized Ni ~+ (Stiiber et al., 1990) whereas the Xa cleavage sequence allows the release of the fused portion of the recombinant protein by Xa-factor endoproteinase cleavage (Fig. l b) . Therefore, the cistron encoding P38 protein was cloned after PCR amplification between the BamHI and HindlII sites so as to be in frame with the ATG start codon of the vector pQE16 to generate plasmid pQE-6HisP38. The plasmid pACN was used as template and oligonucleotides P5546 and P4181 as primers for PCR amplification as shown in Fig. 1 (b) .
After transfection of pREP4 M15 E. coli cells, clones containing the 6HisP38 gene were selected and analysed by restriction enzyme analysis. The production of 6HisP38 protein was performed as described in Methods. Upon SDS-PAGE analysis a band of protein corresponding to the size expected for the 6HisP38 protein was obtained after induction of the bacteria (not shown).
The 6HisP38 recombinant protein thus produced was purified by affinity chromatography on Ni~+-NTA resin. By comparison to a known quantity of 39"2 kDa molecular mass standard (Sigma), about 12mg of 6HisP38 protein was purified from 1.2 1 of bacterial culture. However, since the recombinant protein was not soluble in non-denaturing solutions, the release of the 14 extra amino acids from the N terminus of the 6HisP38 protein by the Xa factor was not possible. The recombinant protein produced was used directly for antibody production as described in Methods.
The anti-P38 antiserum raised against the purified 6HisP38 protein was first tested by Western blotting against total proteins from induced and non-induced E. coli cells. There was a relatively high and uniform background generated over the whole membrane by the antiserum when the chemiluminescent detection method was used on Western blots (data not shown), a phenomenon which greatly reduced the sensitivity of the antiserum. Therefore immunoaffinity purification of the anti-P38 antiserum was carried out. A 10 ml volume of blood sample with the highest titre was used to purify the immunoglobulins specific for the 6HisP38 protein by immunoaffinity on a 6HisP38-Sepharose-6B column (see Methods).
The fractions corresponding to the non-retained and affinity-purified immunoglobulins were all tested at the same final dilution against the purified 6HisP38 protein by Western blotting. The recombinant protein could be detected only with the purified antibodies (not shown), indicating that the immunoglobulins were, as expected, specific for the 6HisP38 protein and also that the anti6HisP38 antibodies were efficiently and completely captured on the affinity column.
P38 protein detection in vitro and in C. quinoa protoplasts and plants
Previous studies indicated that the GFLV polyprotein P2 is processed in vitro to three final products, the Nterminal P28 protein, the P38 protein and the CP at the 5' ~atatc, Q~at.nacaecaccatcaccatcac,t¢~ • ~ ~,Xa ~
P41fll
~ C terminus. Protein P66 (P28 + P38) was shown to be the major maturation intermediate rather than P94 (P38 + CP) which is hardly seen upon in vitro maturation. This difference was attributed to greater cleavage efficiency in vitro by the RNAl-encoded GFLV proteinase of the Arg/Gly site between P38 and CP compared to the Cys/Ala site between P28 and P38 . To determine (i) if the purified antiserum is able to recognize P38 protein produced in vitro, (ii) if P38 is detectable in vivo and (iii) if polyprotein P2 is processed in the same manner in vivo as in vitro, C. quinoa protoplasts were transfected and a time course study of P38 accumulation was performed in parallel to a polyprotein P2 in vitro maturation experiment.
To facilitate comparison and interpretation of the time course data from in vivo and in vitro experiments two related sets of data are presented in Fig. 2 . Total proteins from GFLV RNA-transfected protoplasts and from in vitro translation-maturation experiment of GFLV RNA2 were run on the same SDS-PAGE gel and transferred onto an Immobilon membrane. Fig. 2(a) represents the chemiluminescent detection (1 h exposure) after screening the membrane with purified P38 antibodies. Fig. 2(b) shows the autoradiogram (48 h exposure) of the part of the membrane to which the time course of maturation of [~S]methionine-labelled polyprotein P2 was transferred (lanes 12 to 19). This/n vitro experiment was performed in order to test the specificity of the anti-P38 antibodies and to allow comparison of in vivo data with well-characterized in vitro products. It shows that P38 protein was produced in vitro either by direct translation of transcripts made from clone p38 (Fig. 2b, lane 19' ) or by maturation of polyprotein P2 (Fig. 2b, lanes 13'-18' ). Both P38 proteins were clearly recognized by the purified antibodies and the signal obtained upon immunodetection was proportional to the amount of protein present (Fig. 2a, lanes 13-19) . This indicates that antibodies raised against the recombinant 6HisP38 protein recognize not only the protein produced in E. coli as previously stated, but also P38 produced upon in vitro translation. In addition, P66 and polyprotein P2 produced in vitro (Fig. 2b, lanes 12'-18') were also detected by the purified immunoglobulins (Fig. 2 a,  lanes 12-18) with even greater sensitivity than by autoradiography of the radiolabelled proteins. P94, which is hardly visible upon polyprotein P2 maturation m vitro in this experiment, was shown to be immunodetectable when translated from transcripts (data not shown). With the exception of a 47 kDa product detected only in the samples where P38 protein was expected to be present (Fig. 2a, lanes 13-19) , no cross-reactions of purified immunoglobulins with either rabbit reticulocyte or with viral proteins unrelated to P38 (i.e. CP; Fig. 2b , lanes 13'-18') were observed. Thus, the antibodies are specific for P38 protein and its precursor forms. The 47 kDa product is probably artefactual, since no counterpart was found in products synthesized in vitro (Fig. 2 b,  lanes 13'-19') .
Comparison with the time course experiment performed with GFLV-infected C. quinoa protoplasts revealed that P38 protein can also be detected in vivo (Fig. 2a, lanes 2-10) . The controls show that no proteins reacted in mock-inoculated protoplasts just after electroporation or 96 h later (see Fig. 2a, lanes 1 and 11) . Thus the different products detected (Fig. 2a, lanes 5-10) are almost certainly of viral origin. In contrast with in vitro results where only a very limited amount of P38 protein was produced, the concentration of P38 increased from 18 h p.i. until 96 h in infected protoplasts. In similar experiments Hans et al. (1992) demonstrated that viral RNAs are actively replicated to reach a maximum 96 h p.i. and that CP, detectable 24 h p.i., also accumulates.
The 46 kDa (P46) and 53 kDa (P53) products (designated O in Fig. 2a ) may either be maturation intermediates of polyprotein P2 or complexes with cellular proteins. Since they were never observed in vitro (present results and Margis et al., 1993) and since the difference in apparent molecular mass between P38 and P46, as well as between P46 and P53 proteins is about 7 kDa, P46 and P53 could correspond to mono-and bi-ubiquitinated forms of P38 protein. Attempts to detect these ubiquitinated forms of P38 by immunodetection failed. This failure can be attributed to the low sensitivity (minimum 20 ng) of the commercially available anti-ubiquitin antiserum (Sigma), although the absence of P38 ubiquitination cannot be ruled out.
The three largest immunodetected products (Fig. 2 a,  lanes 5-10) , based upon their size and by comparison with the in vitro maturation products, probably correspond to the P66 and P94 maturation intermediates and polyprotein P2 respectively. Further identification of polyprotein P2 and P94, both of which are precursors of CP, was attempted using antibodies raised against intact virions (Hans et al., 1992 , and data not shown). Neither P94 nor P2 could be detected, due apparently to the reduced concentration of these precursor forms in the protoplast extracts and to the poor sensitivity of the antivirion antiserum on denatured CP.
Interestingly, the precursor forms of P38 were detected not only early in infection, as soon as P38 is detectable ( Fig. 2a, lanes 5-8) , but also later on (Fig. 2a, lanes 9 and  10) . Furthermore, the concentration of these products increased with the time of infection. This contrasts with the observation made with CPMV M-RNA-encoded polyprotein where the 105kDa/95 kDa species are detected only transiently (Rezelman et al., 1989) . The observed increase in concentration of P38 precursor products observed can be attributed to either decreased proteolytic activity and/or to an excess of P2 synthesis versus processing capacity. It should also be noted that, although we are looking at the steady state level of P38 precursor accumulation in vivo, the ratio between P94 and P66 concentration during the time course of infection is very different from that observed in vitro, where P94 is not detectable and P66 is the major maturation product (compare lanes 6-10 and lanes 13-18 in Fig. 2a) . This difference in accumulation of P94 and P66 in vitro was shown to be due to a much greater cleavage efficiency of Arg~°5/Glyt°6 compared to Cys257/Ala25S sites . In GFLV infected plants, total proteins from inoculated and systemic leaves were screened using anti6HisP38 antibodies. Here again, P38 protein of the expected size could be detected (Fig. 3, lanes 2-8) . The signal observed in infected tissues was totally absent from healthy plant extracts (Fig. 3, lane 1) , indicating again the viral origin of the detected proteins. In addition, as in the previous experiments, increased concentrations of P38 were observed from 2 days p.i. to 6 days p.i. in the inoculated leaves. Later on, from 6 to 17 days p.i. (Fig. 3, lanes 7 and 8) the amount of P38 remained stable and similar to that detected in systemically infected leaves showing mosaic symptoms on their entire surface (Fig. 3, lane 2) . These kinetics of P38 accumulation are similar to those observed for CP and for GFLV RNAs except that CP and virion RNAs are detectable only after 4-5 days p.i. (Moser, 1990; Moser et al., 1991) , instead of day 2 as for P38. Since both CP and P38 originate from the same polyprotein the difference can be attributed either to instability of CP or, more likely, to lower sensitivity of the anti-virion antiserum. Because P38 was still very abundant 17 days p.i., at a very late stage of infection where a high degree of chlorosis and partial necrosis were observed in the inoculated leaves, we further investigated systemic leaves for periods as long as 6 weeks p.i. for the presence of P38 (data not shown). In these leaves, dead and dry when harvested, most of the cellular proteins including those with a long half-life, i.e. the large Rubisco subunit were no longer detectable by Coomassie blue staining, whereas P38 was still immunodetected in large amounts and in an undegraded form. These findings are in favour of the stability of P38 in vivo.
Tissue-print experiments
To address the location of P38 within the leaves, tissueprint experiments were performed on inoculated and systemically infected C. quinoa leaves. As seen in Fig. 4 , zones of accumulation of P38 in inoculated leaves were clearly visible, forming black spots at the leaf surface. P38 was detected in the tissues as soon as 2 days p.i. and the signal increased with the time of infection. This is in perfect agreement with the appearance and accumulation of P38 in plants as previously shown (Fig. 3) . At 6 days p.i., spots corresponding to P38 could be detected on almost all the leaf surface. This is also the time at which maximum P38 detection was attained as shown in Fig. 3 . The size of the spots clearly increased with time until day 6, indicating that the area of the inoculated leaves invaded by the virus increased to a maximum at day 6 when almost all the leaf is invaded. In all cases, the spots appeared to be 'solid dots' and to increase in surface area with time post-inoculation. This implies that P38 is not transiently expressed and therefore seems stable in vivo where it accumulates continuously during viral infection.
The kinetics of P38 protein accumulation in vivo and tissue-print experiments both showed clearly that this As a control, a 6-day-old mock inoculated leaf and a 6 days p.i. systemically inoculated leaf showing symptoms on almost all its surface except the tip, were processed in the same way. The membranes were screened with anti6HisP38 immunoglobulins (see Fig. 3 legend) and exposed for 4 min (anti-P38 row). To control the efficiency of transfer, the same membranes were stained after immuno-analysis with Coomassie brilliant blue (total proteins row).
protein is detectable as early as 18 h p.i. in C. quinoa protoplasts and 2 days p.i. in inoculated leaves, and its amount increased constantly during infection. The fact that P38 is by far the major product detected in C. quinoa protoplasts or plants indicates that P38 protein corresponds to a final maturation product in vivo. Moreover, detection of high amounts of P38 in senescent tissues provides strong evidence that P38 is stable and not transiently expressed in vivo. This contrasts with observations made with the P38 counterpart in other nepoviruses [i.e. grapevine chrome mosaic virus (GCMV) 46K protein (Hibrand et al., 1992) , tomato black ring virus (TBRV) 46K protein (Demangeat et al., 1992) and TomRSV 45K protein (Wieczorek & Sanfagon, 1993) ] and comoviruses [CPMV 48K protein (Wellink et al., 1987) and red clover mottle virus (RCMV) 43K protein (Shanks et al., 1989) ]. Many of the aforesaid proteins, some of which have been shown to be viral movement proteins, do not accumulate in vivo late in infection (Demangeat et al., 1992; Hibrand et al., 1992) . In addition, CPMV 48K protein displays low stability and is almost completely degraded after 8 h of pulse-chase (Rezelman et al., 1989) . Thus G F L V P38 protein behaved atypically in comparison to these proteins.
Subcellular localization of the P38 protein
Previous studies indicate that all viral movement proteins so far characterized are found in the cell wall in association with plasmodesmata (for a recent review see Citovsky, 1993) .
To determine the intracellular location of P38 protein, different fractions from systemically infected leaf material were isolated and analysed for the presence of P38. To this end, subcellular fractions from GFLV-infected leaves were prepared according to Berna et al. (1991) and the resulting fractions were separated by S D S -P A G E and transferred to Immobilon membranes. Western immunoblot analysis revealed P38 to be abundant in all the fractions (Fig. 5, lanes 1-6) except the Pe-1 fraction where only very low amounts of the protein were detected (Fig. 5, lane 3) . The type of subcellular fractionation procedure used provides only relatively crude fractions. Thus, the presence of P38 in the Pe-1 fraction enriched in nuclei and plastids may be attributed to contamination by other subcellular components. The presence of P38 in all the other fractions, particularly in the S-30 and T fractions (Fig. 5, lanes 2 and 4) indicates that P38 is mainly cytosolic. To a lesser extent P38 is also associated with the cell wall and the Pe-30 crude membrane fraction (Fig. 5, lanes 1 and 5) .
The data on the subcellular localization of P38 protein in the cell wall and the Pc30 fraction are consistent with the presumed involvement of P38 in cell-to-cell movement. In general all movement proteins, or those proteins presumed to be so, including those of nepo-and comoviruses described to date, have been shown to be associated with these fractions (Demangeat et al., 1992; Hibrand et al., 1992; Shanks et al., 1989; Wellink et al., 1987) . However, according to our data, the G F L V P38 protein is also highly cytosolic since it is found in large quantities in the S-30 soluble protein fraction. To our knowledge, the n o n -t r a n s i e n t expression, the a p p a r e n t stability a n d the mainly cytosolic location of P38 in vivo constitute u n i q u e features for a putative m o v e m e n t protein of the Comoviridae family. However, these features are compatible with the possible involvement of P38 in m o v e m e n t function since comparable characteristics were observed for the P1 movem e n t protein of C a M V (Perbal et aL, 1993) .
F o r the m o m e n t , the function of the P38 protein is still a matter of debate. The results presented here further support the hypothesis that P38 is the cell-to-cell m o v e m e n t protein of G F L V , b u t do n o t represent conclusive proof. It has been shown that R N A 2 of nepoviruses is required for cell-to-cell m o v e m e n t of the virus ( R o b i n s o n et al., 1980; Viry et al., 1993) a n d that it also encodes n e m a t o d e vector specificity (Harrison & M u r a n t , 1977; H a r r i s o n et al., 1974) . The high expression of P38, its cytosolic localization and its stability in vivo are n o t inconsistent with its possible i n v o l v e m e n t in other viral functions.
